Aim. The aim behind this work is: (i) to review the work on Scots pine needle litter in order to construct a model for the decomposition process, from litterfall until a stable fraction is left, (ii) suggest a simple regulating mechanism for its sequestration of carbon. Focus will be on foliar litter of Scots pine and the genus Pinus. Discussion. The chemical composition of newly shed pine litter is in part determined by climate, e.g. mean annual temperature (MAT). Thus concentrations of nitrogen (N) are higher -and those of manganese (Mn) lower -with higher MAT. This may also influence the decomposition process. Mass loss of newly shed pine needle litter is positively influenced by climate (e.g. MAT), as well as by N and phosphorus (P) concentrations. In the late stage (above c. 30% accumulated mass loss) the influence of climate fades and those of lignin (Acid Unhydrolyzable Residue -AUR), N, and Mn are regulating the decomposition process. As the degradation of AUR dominates the decomposition process important parameters are those that influence the degradation of AUR, thus N and Mn. In the humus-near organic matter limit values have been related to litter Mn concentration over a wide climate gradient. Thus, the higher the Mn concentration, the further the process goes and the smaller the stable fraction.
Introduction
Information about factors influencing patterns and mass-loss rates of decomposing litter is scattered and is seen to relate to litter of numerous species in a wide range of environments. It is reasonable to expect that the differences in chemical composition among litter species may create varying influences from different chemical components in the litter and thus differing mass-loss patterns. In addition, varying environments may add both climatic effects and effects on nutrient and substrate level.
To create a comprehensive picture of the decomposition process as such, the dynamics of litter nutrients and organic components and the litter's contribution to accumulation of soil organic matter (SOM) we may need at least to create a conceptual model and ideally one based on a single litter species. We may also ask what questions which are of interest to answer. For a long time it was generally accepted that litter decomposed completely and thus decomposition rates were of considerable interest.
Likewise, by tradition there appears to be a general opinion that climate governs decomposition on a regional scale, whereas litter chemical composition dominates the process on a local scale. However, the picture may in fact be more complicated. Meentemeyer (1978) and later Berg et al. (1993) showed a large-scale effect exerted by climate on decomposition rates of fresh plant litter. Such an effect is not general to all decomposition stages, but the role of a changing substrate may dominate -at least in some cases.
Howard and Howard (1974) described decomposition rates that approached zero, a phenomenon confirmed by Berg and Ekbohm (1991) and Berg et al. (1996) . In such cases the accumulated mass loss approaches a final limit value for decomposition which can be described by an asymptotic function. So far such limit values have been described mainly for forest systems in boreal and temperate areas, not excluding them for subtropical and tropical ones.
Berg (2000) compared limit values for 106 sets of decomposing foliar litter from natural forest systems. Using litters representing a wide range in chemical composition he found a highly significant negative relationship between limit values and initial litter nitrogen (N) concentrations. The levels of the estimated limit values have also been related to initial concentrations of other nutrients, such as manganese (Mn) (Berg et al. 1996 ). This approach makes it possible to quantify the remaining, recalcitrant mass in the very late stages and allows for further evaluation.
Thus, if litter species differ in limit values, i.e. they differ in fraction of remaining stable mass, then given a constant rate of litter fall, the buildup of soil organic matter should vary depending on the chemical composition of the falling litter, both within a species and between species. In fact, that long-term humus buildup and storage are possible was shown by Wardle et al. (1997) when they determined such a buildup had taken place for about 2900 years.
With the massive confirming information base from the Long-term Inter-site Decomposition Experiment Team (LIDET) that decomposing foliar litter leaves a stable residue (Harmon et al. 2009; Currie et al. 2010) we may expect the focus of interest to move towards explaining the retardation of the process, the limit value that defines the stable fraction, as well as the stability of the residue. Such a relative stability may be important from the point of view of the accumulation of carbon dioxide (CO 2 ) in humus.
The accumulation of SOM is a slow process that often spans generations of scientists, thereby causing continuity problems in following the buildup as well as the mechanisms controlling it. It nevertheless appears that a long-term buildup of SOM does take place. Using estimated stable fractions and litter-fall data, Berg et al. (2001) were able to reconstruct the buildup rate of the 2900-year old humus layer described by Wardle et al. (1997) .
We may see that there are clear differences among litter species as regards a buildup of an organic layer. Vesterdal and Raulund-Rasmussen (1998) compared the amounts accumulated under 7 different tree species in a large block experiment covering Denmark. Lodgepole pine (Pinus contorta) stands appeared to give the largest formation of SOM; higher than in Norway spruce (Picea abies) stands. In an evaluation of amounts of carbon in the organic layers across Sweden, Berg et al. (2009) found that forest of Scots pine (Pinus silvestris) sequestered larger amounts per year than that of Norway spruce (p<0.0001), in spite of a higher foliar litter fall in the spruce forest.
The aim of this paper was to review and organize existing knowledge of the decomposition of Scots pine needle litter into a structure and create a system of factors influencing its decomposition from newly shed litter though to SOM. To this purpose I have reviewed existing information on Scots pine needle litter and other pine species.
Discussion
Of the factors influencing rates and patterns of litter decomposition, chemical composition (substrate quality), soil climate and soil-environment properties are important. It was thus indicated for pine forests (e.g. Meentemeyer & Berg 1986 ) that a change in substrate quality of newly-shed litter could influence mass-loss rate as much as a difference in weather between years at the same site.
In a climatic gradient, the role of climate vs that of the gradually changing substrate quality with accumulated mass loss may become even more noticeable (e.g. Johansson et al. 1995) . The direct effects of climate are not reviewed in the present paper. I intend to at least indicate an interaction between the factors of climate and chemical composition.
Considering the number of factors potentially influencing the decomposition process it may have a value to organize them in a conceptual model. Ideally, such a model ideally is based on one litter species or possibly species within the same genus, and I have mainly collected information on Scots pine needle litter, augmenting this with information on other pine species when needed.
It may be useful to comment on the terminology used. I refer repeatedly to the recalcitrant compound lignin in foliar litter. However, the traditional gravimetric analysis for this compound includes several others that are not native lignin and a suggested new term is Acid Unhydrolyzable Residue (AUR; Preston et al. 2009ab) . It is the latter that has been used throughout this paper, unless reference is made to native lignin. Limit value indicated by the dashed line. A limit value is estimated from measured values for litter mass loss using equal (1) and gives a 'limit' at which the estimated mass loss is zero. It also may give a fraction of litter that is more recalcitrant.
Source: redrawn from Berg and Ekbohm (1991).
rate-regulating factors and the microbial community. On the basis of their studies on Scots pine litter, Berg and Staaf (1980) set up a conceptual model dividing the decomposition process into two phases, with an early stage in which climate as well as concentrations of the major nutrients had a clear influence on decomposition rate. In that phase just unshielded (not lignified) organic compounds were decomposed. In a later phase, starting at the onset of AUR degradation, it is the decomposition of AUR that dominates over the influence of nutrients and thus controls the decomposition of litter overall (Fig. 1A) .
With an increasing concentration of the resistant AUR, the rate continues to decrease and may even approach a limit value (Fig. 1B) . We have used a development of the model (Berg & Matzner 1997) to organize our discussion ( Fig. 1A ) and intend to discuss the early stage, the late stage, the humus-near (final) stage, as well as the stability of the remains at the humus stage, during which a limit value is reached.
Decomposition in the early stage
Substrate quality. In the early phase, amounts and concentrations of water-soluble substances decrease quickly (over a few months) before reaching relatively similar and stable levels (Berg et al. 1982) . Free unshielded holocellulose is also degraded in this phase, whereas the more recalcitrant AUR (Acid Unhydrolyzable Residue) either does not decompose or does so to only a limited extent. Thus, its concentration starts to increase due to the decomposition of other main compounds. Also the concentrations of some nutrients such as N, P, and S also start to increase as do those of several heavy metals such as Fe, Pb, Zn, and Cu (Berg & McClaugherty 2008) .
In the early phase, the mass-loss rate may be related to total concentrations of the major nutrients, such as N, P, and S, which are often limiting for decomposition rates in the cases of several species (Aber & Melillo 1982; Berg & Ekbohm 1991) , among them Scots pine (Berg & Staaf 1980) . We may note a recent discovery by Kaspari et al. (2009) that even the highly soluble sodium (Na) may be at least potentially limiting for litter decomposition in areas at inland sites (at a distance from sea-spray). Such an effect may apply at least in the early stage, in addition to those involving the main nutrients.
Climatic influences. It appears that climate may affect litter mass-loss rate in the case of newly-shed litter. For needle litter of Scots pine, it proved possible to demonstrate a clear influence on decomposition rate, by reference to the range of climates along a 2,000 km long gradient (Johansson et al. 1995; Fig. 2) . Such effects of climate could thus be recorded for local and unified pine needle litter in pine forests with their relatively open canopy covers. The mass loss in the first year ranged from about 10.9% yr -1 in northern Finland (close to the Barents Sea) to about 43.7% yr -1 in northern Germany. The dominant rate-regulating factor was climate (as indicated by annual actual evapotranspiration (AET) or mean annual temperature (MAT), while none of the substrate-quality factors alone was significant. linear relationships with accumulated mass loss (Berg et al. 1984 Johansson et al. 1995) . The rate of decomposition rate of remaining litter would then be under the dominant influence of lignin (AUR) degradation rates, as the cellulose in the remaining parts is shielded by it.
Decomposition in late stages
The suppressing effect of AUR on litter mass-loss rates can be said to conform to a linear relationship (Fig. 3A) in the late stage, this already starting at c. 20-30% accumulated mass-loss in the case of pine litter (Fig. 3A) . Johansson et al. (1995) observed that the slope and intercept of this negative relationship varied among sites with different climates. For northern sites, slopes were gentle, showing that AUR concentration had only a very limited effect. The smallest impact of AUR concentration on mass-loss rates was thus found near the Arctic Circle (where long-term average AET was about 385-390 mm), whereas in Northern Germany the rate-regulating effect associated with AUR was greater (Fig. 3B) . The steepest slopes were thus obtained for the southern sites, which were warmer and wetter (AET values being 509 mm for site 8 and 560 mm for site 13). These sites had initially higher mass-loss rates than the more northern ones (Fig. 3B) . Thus, whereas the slope for site # 13 was -0.250 mg% -1 , the slopes were -0.022 and -0.018 mg% -1 close to the Arctic Circle. The slopes for sites in the south (# 8) and central Sweden (# 6:51) were in between (Fig. 3B) .
In a development of this work, Johansson et al. (1995) compared slopes for the significant relationships between AUR concentration and annual mass loss for 11 sites along the full length of the climatic transect. The effect of AUR concentration on litter mass-loss rate thus varied with site climate and this relative effect was negatively related with AET. Johansson et al. (1995) even found a highly significant relationship between slope and AET ( Fig. 4 ; R 2 =0.563) further supporting the idea of an interaction between site climate and substrate quality.
Manganese and nitrogen concentrations are critical for the degradation of lignin (AUR). It has been suggested that, in the late decomposition stage, the very slow degradation of AUR is rate-retarding. A reason for this is that AUR concentration has been negatively related with annual mass loss of litter (e.g. Fig. 3A During late stages of decomposition there is a clear negative relationship between N concentration and AUR mass-loss rate, as well as between N concentration and litter mass-loss rate. Berg and Ekbohm (1991) found that the AUR decomposition rate was lowest for N-rich litters and highest for N-poor ones. They also found a clearly significant and negative relationship between N concentration and AUR decomposition which was common to 7 types of litter. They fitted a highly significant linear model for AUR vs. the N concentration of the litters (R 2 =0.677). The empirical relationship of N as a rate-suppressing factor could be supported by causal relationships based on two phenomena. These also help to explain why mass-loss rates of the sulfuric-acid lignin fraction differed among litters. Keyser et al. (Fig 3B) . Each slope related to the climate index actual evapotranspiration (AET). Source: Johansson et al. (1995) . (1978) found that low-molecular N compounds repressed the formation of lignolytic enzymes in one species of white-rot fungus. There now appear to be several species in which this kind of repression is present (Eriksson et al. 1990) . As a further rate-regulating phenomenon, products of lignin degradation may react with ammonia or amino acids to form recalcitrant complexes (Nömmik & Vahtras 1982) which make up part of the AUR complex. The very late stages and the "limit value" concept. Howard and Howard (1974) and Berg and Ekbohm (1991) described limit values (Fig. 1B ) that were different with litter from different species. A "limit value" is estimated using a function that gives an asymptotic value for the accumulated mass loss. In this regard, Berg and Ekbohm (1991) suggested:
where; L t -is the accumulated mass loss (in percent), t -time in days, k -the decomposition rate at the beginning of decay, m -the asymptotic level that the accumulated mass loss will ultimately reach, normally not 100% and often considerably less.
The k of this function should not be directly compared to rate constants estimated with other models.
From literature data, Berg (2000) estimated a total of 106 limit values for foliar litter decomposing in natural systems. When regressing these against concentrations of nutrients and AUR, he found that N concentration gave a highly significant and negative relationship (R 2 =0.323, n=106, p<0.001; Fig. 5 ). The possible causal background to this relationship between limit values and N were discussed above. The fact that in this large dataset the relationship with N concentration was significant may indicate a general effect of N over a good number of species, in that case 21, i.e. both deciduous and coniferous litter and ecosystems in boreal and temperate forests.
However, in a study on limit values for litter from trees of just one genus, namely Pinus (and mainly Scots pine), Berg et al. (2010) , used backward elimination and local litter along a climatic gradient to determine that initial litter Mn concentration was the only significant factor where limit values were Regressions were made using a stepwise more narrow interval in AUR concentrations. As the AUR concentrations increase with increasing accumulated mass-loss, AUR concentrations, in addition to giving the concentration of a substrate, also index the decomposition level of the litter. Available data were used. concerned. The backward elimination procedure simply removed non-significant factors in a stepwise fashion. Using their data, we applied a quadratic function of the type -X 2 +X and obtained a highly significant relationship (Fig. 6) . That relationship was based on litter from four pine species and litter Mn concentrations ranging from 0.03 to 3.1 mg g -1
. In addition the data from the aforementioned authors originated from a climate gradient with MAT ranging from -0.7 to 17 o C. In contrast to the above finding for 21 deciduous and coniferous species there was no significance regarding N in the dataset confining itself to pine litter. Of the 8 substrate-quality factors and 2 environmental ones, it was Mn concentration that was left as the single factor.
The limit value as such is still mainly an empirical finding, although we have obtained both a causal relationship and a highly significant relationship to Mn concentration, at least for Pinus litter.
It has already been noted that litter becomes increasingly enriched in AUR, as well as AUR recombination products whose stability is influenced by N and Mn. However, among the substrate factors we cannot either neglect the possible role of increasing concentrations of heavy metals, such as Cu, Pb, Fe and Zn. Such concentration increases may be correlated with those concerning N and thus be in a position to account for part of the significant relationship. In general, pine litter appears to manifest linear net release of Mn (B. Berg, unpubl.) . Being linear to accumulated mass-loss, it may well be correlated with the above factors. For all cases (Mn, N, and heavy metals) we may note causal relationships with retarded decomposition, and possibly the study of Berg et al. (2010) could exclude N. Still the role of the main heavy metals needs to be clarified, though the fact that this may also relate to site properties needs to be borne in mind.
How much do certain critical chemical components vary in needle litter across a region, and among different pine species? That litter nutrients may vary with climate was reported by Berg, Calvo de Anta et al. (1995) , who found that the concentration of N in pine needle litter was positively related to site AET and MAT, while that of Mn was related negatively. This was seen for both Scots pine as a single species and for available pine spp. data. Among pine species in Europe the lowest values for N concentrations were found around and to the north of the Arctic Circle (c. 3 mg g -1 ), this comparing with concentrations of up to 8 mg g -1 in natural systems further south (Berg et al. 1995) . We may note that the range of Mn concentrations thus far observed extends from 0.03 mg g -1 for Aleppo pine in Libya to 3.1 mg g -1 in the case of Scots pine at the Arctic Circle in Sweden (Fig. 7) . For Scots pine alone, the range noted is 0.26 to 3.1 mg g -1 Mn (Berg, Calvo de Anta et al. 1995) and these observations were followed up by Oleksyn et al. (2003) , who mainly used the same climatic gradient with Scots pine and compared N concentrations in green Scots pine needles with those in brown ones. They suggested a retrieval mechanism for N operating more intensively under a colder and drier climate. For Mn, the variation with AET and MAT appears to be an empirical observation.
Berg and McClaugherty (2008) reported that there were clear differences among pine species. For example, lodgepole pine litter had higher Mn and AUR concentrations than Scots pine needle litter, the N concentrations were similar. It nevertheless appears that litter formed from the needles of different Pinus species are sufficiently similar to allow for aggregation into a larger group.
What do we know about the stability of the litter residue? If the hypothesis presented above holds true, it will prove possible to distinguish differences in humus-buildup rates among tree species, provided that suitable test systems are found. Although limit values for litter mass-loss have been estimated for a variety of litters using asymptotic functions, we may not conclude that such limit values indicate that the remaining organic matter is completely non-degradable. Instead, the residual organic matter could very well consist of a moderately stabilized fraction that decomposes very slowly, or else a fraction that just does not decompose in a given environment. However, this would not mean that the discovery of an apparent final mass-loss value should be considered trivial, especially if the limit value can indeed be related to given climatic and litter properties, e.g., Mn concentration or environmental factors. Two studies using limit values and litterfall data have allowed for the reconstruction of build-up rates in relation to humus layers (Berg et al. 1995b (Berg et al. , 2001 . The recalcitrant fraction estimated using limit values (Fig. 6B ) has been applied in two separate studies to estimate humus build-up rates. In one case (Berg, McClaugherty et al. 1995) , accumulation rate was estimated for a Scots pine monoculture, c. 130 years old. In another paper (Berg et al. 2001 ) the accumulation rates were estimated for pine-and spruce-dominated forest on isolated islands on which humus had accumulated for almost 3,000 years. While it is evident that further test systems are needed, this paper has offered a review of relevant data, and suggested a basic mechanism for limit values, and thus for recalcitrant litter fractions. The data cover Western Europe, but we cannot preclude a certain generality of application, at least for Pinus spp. across Europ e.
Conclusions
It appears that the factors regulating the stable fraction of litter from pine (Pinus) spp. may be referenced on a larger geographical scale to predict carbon sequestration rates in pine forests. A geographical scale the size of Europe is not precluded.
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